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Executive Summary 
Objectives 
 

The principal objective of this R&D program is to expand, enhance, and accelerate 
knowledge and capabilities for development of high efficiency hydrogenated amorphous silicon 
(a-Si:H) and amorphous silicon-germanium alloy (a-SiGe:H) related thin film multi-junction 
solar cells and modules with low manufacturing cost and high reliability.  Our strategy has been 
to use the spectrum-splitting triple-junction structure, a-Si:H/a-SiGe:H/a-SiGe:H, to improve 
solar cell and module efficiency, stability, and throughput of production.  The methodology used 
to achieve the objectives included: i) explore the highest stable efficiency using the triple-
junction structure deposited using RF glow discharge at a low rate, ii) fabricate the devices at a 
high deposition rate for high throughput and low cost, and iii) develop optimized recipe using the 
R&D batch large-area reactor to help the design and optimization of the production roll-to-roll 
machines.  In the last few years, the research on hydrogenated nanocrystalline silicon (nc-Si:H) 
solar cells has attracted significant attention in Japan and Europe.  Using nc-Si:H as the bottom 
cell in multi-junction structures, cell efficiency of over 14% and module efficiency of over 13% 
have been reported.  We have been exploring the use of nc-Si:H as an intrinsic layer of the 
bottom cell in the triple-junction solar cell to achieve higher stable cell and module efficiency.  
During the past year, we have worked on developing high efficiency nc-Si:H single-junction 
solar cells and high efficiency multi-junction solar cells using nc-Si:H as the intrinsic layer of the 
bottom cell.  We have achieved an initial active-area efficiency of 14.6% using an a-Si:H/a-
SiGe:H/nc-Si:H triple-junction structure.   
 
Approach 
 

In manufacturing, United Solar uses a triple-junction spectral-splitting solar cell structure 
and a roll-to-roll deposition process.  The conventional a-Si:H/a-SiGe:H/a-SiGe:H triple-junction 
cells use an a-Si:H top cell (∼1.8 eV bandgap) to absorb the blue light, an a-SiGe:H middle cell 
with ~20% germanium (∼1.6 eV bandgap) to absorb the green light, and an a-SiGe:H bottom cell 
with ~40% germanium (∼1.4 eV bandgap) to capture the red light.  One objective of this 
program is to continue the optimization of a-SiGe:H middle and bottom cells to achieve high 
efficiency.  At the same time, we are developing nc-Si:H solar cells as a potential replacement of 
the a-SiGe:H bottom cell in the triple-junction structures.  During the past year, we continued to 
work on the optimization of nc-Si:H single-junction solar cells at various deposition rates and 
incorporated the improved nc-Si:H single-junction cell in a-Si:H/nc-Si:H double-junction and a-
Si:H/a-SiGe:H/nc-Si:H triple-junction structures.  Another objective is to work on the issues of 
large-area deposition using the a-Si:H/a-SiGe:H/a-SiGe:H triple-junction structure.  Last year, 
we modified the “2B” machine (this is a multi-chamber R&D deposition machine that can use 
substrates of area 15” x 14”) by replacing the existing deposition cathodes with modified 
cathodes in order to improve the uniformity and cell efficiency.  The new cathode design is 
similar to that used in our current 30 MW/year production machine.  Any gain in cell efficiency 
obtained in the 2B machine can be transferred to the production equipment.  In the past year, we 
used the improved hardware design to optimize a-Si:H/a-SiGe:H/a-SiGe:H triple-junction cells 
using the 30 MW/year production constraints.  Meanwhile, we have also been testing the 
feasibility of deposition of a-Si:H/nc-Si:H double-junction cells on large-area substrates and  
fabrication of modules. 
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In order to meet the program objectives, we have carried out research in the following 
areas: i) deposition of nc-Si:H films and solar cells using RF glow discharge at a low rate ∼1 Å/s 
to achieve the highest efficiency, ii) deposition of nc-Si:H films and solar cells using MVHF 
glow discharge at a high rate of ∼3-10 Å/s, iii) deposition of nc-Si:H films and solar cells using 
RF glow discharge under a high pressure depleting regime at a high rate of ∼3-5 Å/s, iv) 
deposition of a-Si:H/nc-SiGe:H double-junction solar cells on large-area substrates using the 2B 
machine, v) deposition of a-Si:H/a-SiGe:H/a-Si:H triple-junction solar cells on large-area 
substrates using the constraints of the 30 MW/year production machine, vi) metastability of nc-
Si:H single-junction, a-Si:H/nc-Si:H double-junction, and a-Si:H/a-SiGe:H/nc-Si:H and a-
Si:H/a-SiGe:H/a-SiGe:H triple-junction solar cells.  In addition, we collaborated with the 
Colorado School of Mines, University of North Carolina, University of Oregon, Syracuse 
University, and NREL on material and solar cell characterizations. 
 
Status/Accomplishments 
 
Small-area cells deposited using RF glow discharge at low rates  
 

We have worked on developing and optimizing nc-Si:H materials and solar cells using 
RF glow discharge at low rates to search for the highest efficiency with different cell structures.  
The highest efficiency values achieved are listed below.  We give values for active-area 
efficiency.  The grid loss is typically  ~7%, and the total area efficiency is therefore ~7% lower. 

• 8.4% initial active-area (0.25 cm2) cell efficiency in a nc-Si:H single-junction structure. 
• 13.5% initial and 11.8% stable active-area (0.25 cm2) cell efficiencies in an a-Si:H/nc-

Si:H double-junction structure. 
• 14.6% initial active-area (0.25 cm2) cell efficiency in an a-Si:H/a-SiGe:H/nc-Si:H triple-

junction structure.   Light soaking experiment on this solar cell is under way. 
 

Small-area cells deposited using MVHF glow discharge at high rates  
 

We have used a modified very-high-frequency (MVHF) glow discharge to deposit nc-
Si:H material and solar cells at high deposition rates ~ 3-10 Å/s using parameters that satisfy 
production requirements.  We have achieved the following results in this deposition regime. 

• An initial active-area (0.25 cm2) efficiency of 7.7% has been achieved using nc-Si:H 
single-junction cell made at high rates. 

• An initial active-area (0.25 cm2) efficiency of 12.5% has been achieved using a-Si:H/nc-
Si:H double-junction cell made at high rates.  The cell efficiency stabilized at 11.0% after 
prolonged light soaking. 

• An initial active-area (0.25 cm2) efficiency of 12.8% has been achieved using a-Si:H/a-
SiGe:H/nc-Si:H triple-junction cell made at high rates.  The cell efficiency stabilized at 
11.4% after prolonged light soaking. 
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Small-area cells deposited using RF glow discharge under high pressure at high deposition rates 
 

We have used RF glow discharge under high pressure with high power to obtain high rate 
deposition of nc-Si:H solar cells.  The current deposition rate is in the range of 3-5 Å/s.  The 
following results have been achieved using this method. 

• An initial active-area (0.25 cm2) efficiency of 6.7% has been achieved using  nc-
Si:H single-junction cell. 

• An initial active-area (0.25 cm2) efficiency of 12.3% has been achieved using  a-
Si:H/nc-Si:H double-junction cell. 

 
Large-area (2B machine) deposition of a-Si:H/nc-Si:H double-junction solar cells  
 

• An initial active-area (0.25 cm2) efficiency of 12.1% has been achieved using  a-Si:H/nc-
Si:H double-junction cell at a low rate ∼ 1 Å/s.  A stable active-area efficiency of 11.0% 
has also been achieved. 

• An initial aperture-area (45 cm2) efficiency of 11.8% has been achieved using an a-
Si:H/nc-Si:H double-junction cell at a low rate ∼ 1 Å/s.  The stable cell efficiency is 
10.3%. 

• An initial aperture-area (460 cm2) efficiency of 11.3% has been achieved in a-Si:H/µc-
Si:H double-junction cell deposited at a low rate ∼ 1 Å/s.  The cell efficiency became 
10.5% after encapsulation and stabilized at 9.4% after prolonged light soaking.  NREL 
measured an efficiency of 9.2%. 

 
Large-area (2B machine) deposition of a-Si:H/a-SiGe:H/a-SiGe:H triple-junction solar cells 
using the constraints of the 30 MW/year production line 
 

• An initial active-area (0.25 cm2) efficiency of 11.4% was achieved using  a-Si:H/a-
SiGe:H/a-SiGe:H triple-junction cell deposited on a large-area Al/ZnO back reflector 
from the production line.  The deposition conditions were under  production constraints 
of using SiH4 and GeH4 instead of Si2H6 and GeH4 for the gas mixture.  A stable active-
area efficiency of 9.8% was achieved.  This value corresponds to a stable total-area 
efficiency of 9.1%, and is the same as our best value achieved with a Si2H6 and GeH4 
mixture at high rates.  

 
Stability of single-junction and multi-junction solar cells with nc-Si:H in the bottom cell 
 

We have systematically studied the light-induced degradation in  nc-Si:H single-junction 
and multi-junction cells using  nc-Si:H in the bottom cell.  The following is a list of the key 
results. 

• A light-induced degradation in nc-Si:H single-junction cell efficiency was found to be in 
the range of 7% to 20% depending on the deposition conditions and cell structure. 

• The light-induced degradation occurs mainly in the amorphous phase. 
• A bottom cell limited current mismatching improves the stable efficiency. 
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Section 1: Introduction 

 
This report covers Phase II of the program.  As reported previously, we have expanded 

our research scope from traditional a-Si:H/a-SiGe:H/a-SiGe:H triple-junction solar cells to multi-
junction structures with nc-Si:H as the bottom cell.  We have previously achieved world record 
stable cell efficiency of 13% and a module efficiency of 10.5% using the a-Si:H/a-SiGe:H/a-
SiGe:H triple-junction structure.  This technology has been successfully transferred to our 30 
MW/year capacity plant at Auburn Hills, Michigan.  The main objective of the current R&D 
research program is to address the Department of Energy (DOE) goal of attaining 15% thin film 
module efficiency by developing new materials, device designs, and low cost manufacturing 
processes.  At the same time, the research program provides support for improving the cell 
efficiency and reducing production cost.  In the past, we focused on a-Si:H and a-SiGe:H alloy 
based solar cells.  The a-Si:H/a-SiGe:H/a-SiGe:H triple-junction structure is currently the 
frontrunner for obtaining the highest stable cell efficiency.  Recently, nc-Si:H solar cells have 
emerged as a potential substitute for the middle and bottom cells in the multi-junction structure 
due to low light-induced degradation and no GeH4 needed in the deposition process.  For 
comparison, Kaneka Corp. [1] has reported over 14% initial cell efficiency using an a-Si:H/nc-
Si:H double-junction structure and Canon, Inc. [2] achieved an over 13% initial a-Si:H/nc-
Si:H/nc-Si:H triple-junction module efficiency.  

We have also worked on the development of nc-Si:H solar cells with the objective of 
using the nc-Si:H layer as the bottom intrinsic layer in a multi-junction structure [3].  We have 
carried out deposition of nc-Si:H materials and solar cells using conventional RF glow discharge 
at a low rate ~1 Å/s to explore the practical limits of achievable efficiency. 

Due to the indirect-bandgap, the absorption coefficients are lower in nc-Si:H than in a-
SiGe:H.  A relatively thick intrinsic nc-Si:H is needed to generate sufficient  photocurrent.  
Therefore, a high rate deposition is essential for nc-Si:H solar cell in production.  We have 
worked on the modified very high frequency (MVHF) technique at high deposition rates of ~3-
10 Å/s to develop technology that is compatible with production.  In a parallel effort, we also 
tried to use RF glow discharge in a high pressure depleting regime for high rate nc-Si:H 
deposition.  Since both the MVHF and high pressure RF glow discharge may have potential 
problems in production in terms of achievable deposition rate with acceptable efficiency, 
uniformity, and powder formation, a comparative study is necessary for evaluating the feasibility 
of each technology for mass production. 

Since nc-Si:H has unique properties in terms of cell performance and deposition process, 
we need to investigate possible issues such as uniformity and compatibility with the roll-to-roll 
technology to incorporate nc-Si:H in multi-junction cells for production.  During this year, we 
studied the deposition of a-Si:H/nc-Si:H double-junction solar cells on large area substrates and 
tested the compatibility of procedures for module fabrication. 

a-Si:H and a-SiGe:H alloys are still the materials used in the current 30 MW/year 
production line.  Improving a-SiGe:H middle and bottom cells further becomes necessary, 
because any improvement either in the efficiency and stability or deposition rate will lead to the 
reduction of production cost.  Last year, we redesigned new cathodes for the 2B machine taking 
into account the constraints of the production machine.  Since the new hardware was installed in 
the machine, the uniformity has improved.  During this past year, we have optimized a-Si:H and 
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a-SiGe:H component cells as well as the a-Si:H/a-SiGe:H/a-SiGe:H triple-junction structure on 
this modified machine. 

nc-Si:H solar cells have been reported to exhibit no light-induced degradation.  However, 
the term nc-Si:H represents a wide spectrum of materials with various grain sizes and different 
crystalline volume fractions.  Therefore, one expects different stability behaviors in nc-Si:H solar 
cells with different microstructures.  In addition, in an a-Si:H/nc-Si:H double-junction structure, 
the top cell is usually an a-Si:H cell with relatively thick intrinsic layer to generate enough 
current for current matching with the nc-Si:H bottom cell.  A thick a-Si:H cell might lead to a 
poor overall stability.  Therefore, the stability study of nc-Si:H solar cells is an interesting topic 
not only for the fundamental understanding of the material, but also for the optimized design of 
stable multi-junction solar cells.  Over the past year, we have systematically studied the light-
induced degradation in various nc-Si:H cells and under various conditions. 
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Section 2: Optimization of nc-Si:H Solar Cells 
 

2.1. Introduction 
 
One of the objectives of the program is to explore the highest achievable efficiency using a-

Si:H based thin film solar cell technology.  To date, the highest stable efficiency of 13% has 
been achieved using an a-Si:H/a-SiGe:H/a-SiGe:H triple-junction structure.  In order to improve 
the cell efficiency further, we need constant effort to search for high quality a-Si:H and a-SiGe:H 
materials.  In the meantime, we need to find an alternative material to low bandgap a-SiGe:H 
since a-SiGe:H has a higher defect density than a-Si:H.  nc-Si:H was found to be a potential 
substitute for the a-SiGe:H bottom cell since it offers a better stability under prolonged 
illumination than a-SiGe:H [4].  The bandgap of nc-Si:H with high crystalline volume fraction 
(fc) is normally close to 1.1 eV, which is the same value as crystalline silicon.  Therefore, nc-
Si:H solar cells generally have higher short-circuit current density (Jsc), but lower open-circuit 
voltage (Voc) than a-Si:H and a-SiGe:H cells.  Due to the nature of the indirect optical transition 
in this material, a relative thick intrinsic nc-Si:H layer is required for obtaining a high Jsc. 
Normally, the intrinsic nc-Si:H layer in an nip structure is over 1 µm thick, and sometimes it 
needs to be a few µm thick.  In general, Jsc increases with intrinsic layer thickness in a given 
range.  For a particular nc-Si:H solar cell, it has been reported that the intrinsic nc-Si:H layer was 
as thick as 4-5 µm thick.  However, we find that Jsc reaches a maximum around 22-24 mA/cm2 
with a thickness in the range between 1 and 2 µm under our current deposition conditions.  
Increasing the thickness further leads to a decrease in Jsc, caused by a reduction of spectral 
response in the long wavelength region.  Two mechanisms could be responsible for the low Jsc 
for thick nc-Si:H solar cells.  One possibility is microcrystallite collision due to the textured 
substrate [5][6].  It has been reported that grains in the nc-Si:H films deposited on a textured 
substrate grow perpendicular to the local substrate surface and collide with each other when the 
film exceeds a certain thickness.  Thus, microcrystallite collision results in a high defect density 
at the grain boundaries and, therefore,  low cell performance.  A second possible mechanism is 
the increase of fc and grain size with film thickness.  A value of fc that is too high could cause 
poor grain boundary passivation, high microvoid density, and poor cell performance [7][8]. 
 Over the course of this past year, we have systematically studied the thickness 
dependence of nc-Si:H material and the cell performance.  In collaboration with Professor 
Daxing Han at University of North Carolina at Chapel Hill, Professor Don Williamson at 
Colorado School of Mines, and Dr. Chun-Sheng Jiang at National Renewable Energy 
Laboratory, we carried out the structure studies using Raman, Photoluminescence, X-ray 
diffraction, Small Angle x-ray Spectroscopy (SAXS), and Atomic Force Microcopy (AFM).  We 
find that a significant increase of fc and the grain size are responsible for the deterioration of cell 
efficiency.  Based on the material property analysis, we have developed a method to control the 
evolution of the microstructures with thickness.  We used Hydrogen Dilution Profiling 
Technique (HDPT) and improved nc-Si:H performance significantly. 
 We have used various deposition techniques for nc-Si:H solar cell deposition at different 
deposition rates.  Since the material properties and cell performance for nc-Si:H solar cells 
deposited with different techniques have some commonalties, experience developed using a 
given deposition technique is easily transferred to another.  Here,  we present results of the 
optimization of nc-Si:H solar cells deposited using both RF and MVHF glow discharge 
techniques. 
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2.2. Thickness dependence of nc-Si:H solar cell performance 
 
 Here, we present thickness dependence of nc-Si:H cell performance as a function of the 
intrinsic layer thickness.  Two sets of nc-Si:H single-junction solar cells were made using MVHF 
glow discharge with different intrinsic layer thicknesses.  One set was made on textured Ag/ZnO 
coated stainless steel (BR), and another on specular stainless steel (SS).  The same growth recipe 
was used for both sets of solar cells on two different substrates.  The thickness of the samples 
was obtained using an optical method.  The thickness showed a linear dependence on deposition 
time and confirmed a constant deposition rate.  We found that the deposition rates are the same 
on SS and BR.  The reason for comparing nc-Si:H cells deposited on SS and BR is that on a flat 
substrate (SS), the cell performance would not have the problem of crystallite collision that is 
expected to happen on textured BR.  Thus, we can expect less deterioration of cell performance 
with increase of thickness. 

Table I lists the J-V characteristics of nc-Si:H solar cells deposited on BR substrate with 
different intrinsic layer thickness.  One can see that the Jsc, calibrated by quantum efficiency 
measurement, increases with increasing thickness up to 1.0 µm and then saturates.  For the cell 
with a thickness around 2 µm, Jsc is actually lower than that of the cell with a thickness around 1 
µm.  As is usually observed, both the Voc and FF decrease monotonically with increasing 
thickness.  The overall cell efficiency reaches a maximum with a thickness around 1 µm.  Figure 
1 (a) plots the quantum efficiency (QE) of the six cells.  One can see that for cells with a thin nc-
Si:H intrinsic layer, the long wavelength response increases with cell thickness; but for the cell 
with a thick intrinsic layer around 2 µm, the response at the middle and long wavelength region 
is lower than the 1 µm thick cells.  The remarkable increase of quantum efficiency under reverse 
bias indicates an insufficient collection, which can be related to excess recombination through 
defects in the intrinsic layer.  

Table II lists the J-V characteristics of the nc-Si:H solar cells made with the same recipe 
as the corresponding cells deposited on BR, which are listed in Table I.  One can see that the 
behaviors of the Voc and FF versus thickness are similar for cells on SS as those on BR, but that 
Jsc keeps increasing up to the thickness of ~ 2 µm.  Moreover, compared to cells of the same 
thickness on  BR, the cells on  SS have smaller Jsc  and Voc,  but higher  FF.  From Fig. 1 (b), one  

 

Table I. J-V characteristics of nc-Si:H cells deposited using MVHF on BR with different 
thicknesses, where FFb and FFr represent respectively the fill factor under blue and red light.

Run 
No. 

Thickness 
(nm) 

Jsc 
(mA/cm )2

Voc 
(V) 

FF 
 

Pmax 
(mW/cm ) 2

FFb 
 

FFr 
 

12116 290 16.41 0.503 0.638 5.27 0.620 0.610 
12120 490 19.77 0.476 0.633 5.96 0.626 0.636 
12121 940 23.25 0.443 0.585 6.03 0.617 0.620 
12119 990 22.47 0.436 0.612 6.00 0.628 0.619 
12122 1340 23.23 0.424 0.533 5.25 0.568 0.597 
12124 1930 21.80 0.392 0.491 4.20 0.521 0.569 
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Figure 1. Quantum efficiency of nc-Si:H cells deposited using MVHF on (a) BR and on
(b) SS with different thicknesses. 
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Table II.  J-V characteristics of nc-Si:H solar cells deposited using MVHF on SS with 
different thicknesses, where FFb and FFr represent respectively the fill factor under blue 
and red light. 

Run 
No. 

Thickness 
(nm) 

Q  
(mA/cm ) 2

Voc 
(V) 

FF 
 

Pmax 
(mW/cm ) 2

FFb 
 

FFr 
 

12129 335 9.45 0.47 0.651 2.89 0.650 0.668 
12125 470 10.98 0.466 0.672 3.44 0.664 0.67 
12127 720 12.99 0.439 0.64 3.65 0.608 0.627 
12123 1040 14.8 0.434 0.621 3.99 0.649 0.655 
12128 1305 16.51 0.414 0.578 3.95 0.615 0.632 
12126 1980 17.87 0.393 0.51 3.58 0.584 0.612 
 see the continued increase of the long wavelength response with thickness.  The difference 
ween the reverse biased quantum efficiency and the quantum efficiency under the short-
uit condition is much smaller for the 2 µm cell on SS than on BR.  This implies that the cell 
SS has less problems with carrier collection than on BR. 

 

Due to the low reflectance and low light trapping effect from the specular SS substrate, 
 light absorption of the cells on SS is much less than that on BR for cells with the same 
kness.  This leads to a smaller Jsc, which causes a narrower quasi-Fermi level splitting and 
es rise to a lower Voc.  Furthermore, the narrower quasi-Fermi level splitting reduces the 
ombination rate of the excited carriers, which yields a higher FF for cells on SS and hence, a 
ser difference between the zero and negative biased quantum efficiency.  A fair comparison of 
 and FF for cells on different substrates would be under similar Jsc, instead of under the same 
t intensity.  In this case, we may expect a similar splitting of the quasi-Fermi levels.  For this 
pose, the solar cells on BR were re-measured with reduced light intensities by using neutral 
sity filters to generate similar current densities in the solar cells on SS.  Table III lists J-V 
racteristics of four pairs of solar cells with different thicknesses.  The two cells in each pair 
e a similar thickness, but one is on BR and the other on SS.  One can see that when the solar 

ls on BR were adjusted to have Jsc’s similar to those on SS, the Voc and FF also become very 
ilar.  This indicates that the BR substrate used at our lab does not have a pronounced effect 
the carrier transport in the nc-Si:H solar cell.  In conclusion, we found that the 

able III. Comparison of the solar cell performances with different substrates.  For the 
easurements of the solar cells on BR, the light intensity was adjusted to have a Jsc 

imilar to the solar cells on SS using neutral filters. 
Thickness 

(nm) 
Substrate Jsc 

(mA/cm ) 2
Voc 
(V) 

FF Pmax 
(mW/cm ) 2

BR 11.7 0.451 0.646 3.42 470 
SS 11.8 0.467 0.669 3.69 
BR 15.4 0.421 0.636 4.12 1040 
SS 15.6 0.435 0.623 4.22 
BR 17.0 0.413 0.551 3.88 1305 
SS 17.5 0.416 0.579 4.22 
BR 18.7 0.385 0.501 3.61 1980 
SS 18.8 0.395 0.508 3.76 
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microcrystallite collision for cells on BR could be a limitation of low Jsc, but it is not the main 
factor.  Therefore, the other mechanism, which is the increase of crystalline volume fraction, 
could be responsible for the low Jsc in the thicker nc-Si:H solar cells.   

 
2.3. Microstructure changes in nc-Si:H solar cells with thickness 
 

As shown in the previous section, the evolution of crystallinity with thickness is probably 
the dominant contribution for the deterioration of cell performance with intrinsic layer thickness 
in our nc-Si:H solar cells.  Although the collision of nanocrystallites may be present to some 
extent in the nip type cells on the textured Ag/ZnO back BR, it is not the limiting factor.  The 
increase of crystalline volume fraction and grain size has been very well documented in the 
literature [9][10].  However, the properties of nc-Si:H material depend on deposition conditions 
and cells structures.  In order to understand the increase of crystalline volume fraction and grain 
size with the intrinsic layer thickness, we have studied the microstructures of the nc-Si:H solar 
cells using Raman spectroscopy and X-ray diffraction (XRD) at the University of North Carolina 
at Chapel Hill, small angle X-ray scattering (SAXS) at Colorado School of Mines, and Atomic 
Force Microscopy (AFM) at NREL. 

A 514.5-nm laser was used as an excitation source for obtaining the Raman scattering 
spectra.  The measurements directly scanned on the nc-Si:H cells made on Ag/ZnO BR.  The 
upper plot in Fig. 2 shows an example of the Raman spectra of nc-Si:H solar cells, where the 
curve can be decomposed into three components: a very sharp peak at 515-520 cm-1 from the 
crystalline phase, the middle term located at 490 cm-1 and assigned to grain boundaries or inter-
medium order, and a broad peak at 480 cm-1 from the amorphous regions.  A calculation using 
the intensity ratios of the three peaks gives an average of the crystalline volume fraction in the 
absorption depth probed by the excitation source.  The lower plot in Fig. 2 shows the thickness 
dependence of the crystalline volume fraction for the cells made on Ag/ZnO BR.  It clearly 
shows the increase of crystalline volume fraction from 60% to 80% when the thickness is 
increased from 0.3 µm to 2.0 µm. 

The two sets of nc-Si:H solar cells were also characterized by XRD.  As shown in Fig. 3, 
all three XRD peaks increase dramatically with the increase of thickness, but the (220) peak 
grows faster than the (111) and (311) peaks as illustrated by the top plot in Fig. 4.  This 
demonstrates enhanced (220) preferred orientations with increasing thickness but shows this 
effect to be reduced on the BR substrate, consistent with the crystallite collisional growth 
mechanism.  Analysis of the (220) linewidths yields increasing grain size with thickness, but the 
grain sizes are clearly smaller for the BR series compared to the SS series, suggesting grain 
collisions reduce grain size for a given film thickness.  The lower plot of Fig. 4 shows that the 
XRD integrated intensity (sum of (111), (220), and (311) peaks) grows faster than a linear trend.  
This is consistent with increasing crystalline volume fraction with thickness.  The larger 
integrated intensities for the SS series is likely due to the enhanced (220) preferred orientations 
shown in the upper plot of Fig. 4.  Also, the nature of the substrate is known to play a role in the 
amorphous to microcrystalline transition [11].  

Figure 5 shows the AFM images of two samples on SS substrate, one with a thickness of 
0.3 µm and the other 2.0 µm.  The images clearly show the increases in the size of the surface 
micro-features as well as the surface roughness.  Similar results were observed on the samples 
deposited on Ag/ZnO, but with complex features due to the substrate texture.  Figure 6 plots the  
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Figure 2. (upper) Raman spectrum of a nc-Si:H solar cell with three components
of the decomposition and (lower) the average crystalline volume fraction versus
cell thickness. 
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Figure 3. XRD patterns from the nc-Si:H solar cells on SS with different thicknesses. Stick
diagram of c-Si random powder pattern is also shown. 
 



 

 
 

Figure 4. (upper) Relative and (lower) total integrated XRD intensities for the nc-Si:H solar
cells.  Solid lines were drawn to guide the eye. 
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Figure 5. AFM images of (upper) a SS substrate, (middle) a 0.3 µm thick nc-Si:H solar
cell and (bottom) a 2 µm thick nc-Si:H solar cell on SS substrate. 
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Figure 6. The surface roughness of the nc-Si:H solar cells versus the intrinsic layer
thickness. 



surface roughness defined as the root mean square (RMS) versus the cell thickness of the 
samples on BR and SS substrates.  For the samples on SS, the roughness monotonically increases 
with increasing thickness, which is likely related to the evolution of the nanocrystallites in the 
nc-Si:H.  However, for the cells on BR, the roughness also increases with thickness, but the total 
roughness is dominated by the surface of the substrate. 

In summary, we have investigated the effect of the substrate and thickness on nc-Si:H 
solar cell performance.  We found that the BR substrate has certain influence on cell 
performance and material structure, but it is not the main reason to cause the low Jsc of thick nc-
Si:H solar cells at current stage.  Therefore, we believe the increasing volume fraction of nc-Si:H 
with increasing thickness should be responsible for the low Jsc problem in thick nc-Si:H solar 
cell.  The material analyses using Raman, XRD and AFM confirm that the crystalline volume 
fraction and grain size increase with the intrinsic layer thickness significantly.  
 
2.4. Hydrogen Dilution Profiling in nc-Si:H solar cell deposition 
 

From the results of thickness dependence of the cell performance and structure, we 
conjecture that the increase in crystalline volume fraction and grain size with intrinsic layer 
thickness is the main cause for the poor cell performance for thick nc-Si:H solar cells.  The exact 
mechanism for such phenomenon is not clear.  As suspected by Finger et al. [7], the poor grain 
boundary passivation could be the main problem for nc-Si:H material with high crystalline 
volume fraction and large grains.  Of course, finding a way to obtain improved grain boundary 
passivation is a desirable approach for high efficiency nc-Si:H solar cell, especially for high 
crystalline volume fraction and large grain size.  In the shorter term, we need to develop a way to 
avoid the increase of crystalline volume fraction and grain size and hence reduce the grain 
boundary defect density.  It has been confirmed in many ways that the crystalline volume 
fraction and grain size grow with the nc-Si:H layer thickness when a constant hydrogen dilution 
ratio is used.  Therefore, we believe that using a proper hydrogen dilution profile with reducing 
the hydrogen dilution ratio during the deposition to control the crystalline size and volume 
fraction could have some effect on the improvement of thick nc-Si:H cell performance.  

The hydrogen dilution profiling technique has been used in the deposition of nc-Si:H 
solar cells using RF at a low rate ∼ 1 Å/s and MVHF and a high rate 3-10 Å/s.  Here we present 
the results of the nc-Si:H solar cells deposited using the LINE system with RF excitation at a low 
deposition rate ∼ 1 Å/s.  Textured Ag/ZnO BR was used as a substrate to enhance the light 
trapping effect.  Table IV gives a summary of the J-V characteristics of nc-Si:H single-junction 
solar cells made with various hydrogen dilution profiles during the intrinsic layer deposition.  
The first five cells were made using the same recipe to check the reproducibility.  It shows 
clearly that the fill factor (FF) has a large variation from run to run.  A major factor that affects 
the reproducibility is the series resistance of the ITO.  The ITO process was optimized for a-Si:H 
based solar cells, which have larger open-circuit voltage (Voc), but lower Jsc than nc-Si:H solar 
cell.  From the table, one can easily see that the cells with higher FF have lower series resistance.  
The series resistances listed in the table were deduced from the inverse of the derivative of the 
light J-V characteristics under the open circuit condition, which includes the contribution from 
the ITO resistance, junctions, and the intrinsic layer.  At this moment, we are not sure whether 
the main portion of the series resistance is from the ITO or from the intrinsic layer.  Although the 
baseline data are somewhat scattered, the average efficiency is around 6.6%, which is the 
maximum average value made in a thickness series for cells with the given dilution ratio.  
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Table IV. Summary of J-V characteristics of nc-Si:H single-junction solar cells made with 
various hydrogen dilution profiles.  From Profiling 1 to Profiling 6, the slope of hydrogen 
dilution ratio versus time was increased. 

FF Sample # Eff (%) Jsc 
(mA/cm ) 2

Voc 
(V) AM1.5 Blue Red 

Rs 
(Ω.cm ) 2

Comments 

14554 6.74 22.58 0.495 0.603 0.652 0.615 4.4 
14568 6.48 22.15 0.488 0.599 0.648 0.599 4.0 
14592 6.78 21.32 0.488 0.642 0.690 0.658 3.1 
14594 6.61 20.79 0.486 0.654 0.687 0.648 3.1 
14596 6.61 22.05 0.482 0.622 0.656 0.605 4.0 

Baseline 

14559 6.54 21.48 0.482 0.632 0.678 0.637 4.0 
14562 6.81 21.57 0.484 0.652 0.692 0.651 3.4 

20% thicker 
than baseline 

14578 6.63 23.22 0.482 0.594 0.646 0.631 4.3 Profiling 1 
14580 7.04 22.58 0.484 0.644 0.688 0.662 3.2 Profiling 2 
14612 7.29 24.41 0.485 0.616 0.659 0.647 3.6 Profiling 3 
14619 7.81 24.63 0.492 0.645 0.683 0.641 3.4 Profiling 4 
14642 8.01 23.42 0.502 0.681 0.706 0.700 2.7 Profiling 5 
14660 8.37 25.15 0.502 0.663 0.679 0.693 3.1 Profiling 6 
 

Increasing the intrinsic layer deposition time by 20% did not increase the value of Jsc.  Instead, 
the response in the middle and long wavelength region was reduced.  This phenomenon has been 
observed many times before.  As shown in the previous sections, the increase of crystalline 
volume fraction and grain size with thickness is the main origin of the reduction of response in 
the middle and long wavelength regions. Proper hydrogen dilution profiling can control the 
crystalline growth evolution.  We used this technique of reducing the hydrogen dilution ratio in 
the line machine during the intrinsic layer deposition to control the microstructure evolution.  
From Line Sample 14578 to 14660, we gradually increase the slope of the hydrogen dilution 
versus time.  As a result, the cell performance has improved significantly.  The Jsc has improved 
from approximately 22 mA/cm2 in the baseline cells to over 25 mA/cm2 in the best cell (Line 
14660).  The previous record for a nc-Si:H single-junction cell without hydrogen dilution 
profiling was an initial active-area efficiency of 7.4%.  Using the hydrogen profiling technique, 
we achieved a new record of 8.4%.  From Fig. 7, one can see that the middle and long 
wavelength responses have been significantly improved in the cell with proper hydrogen dilution 
profiling.  Figure 8 plots the (a) J-V characteristics and (b) quantum efficiency of the best nc-
Si:H single-junction solar cell. 
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Figure 7. Quantum efficiency of nc-Si:H single-junction cells with various hydrogen
dilution profiles.  The sample number and the corresponding hydrogen dilution profiles
are listed in Table IV. 
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Figure 8. (a) J-V characteristics and (b) quantum efficiency of a nc-Si:H single-junction solar 
cell with an initial active-area efficiency of 8.37%. 



 
Section 3: High Efficiency Multi-junction Cell with nc-Si:H Bottom Cell 

 
3.1. Optimization of multi-junction solar cells 

 
We have used the improved nc-Si:H cell in the a-Si:H/nc-Si:H double-junction and a-

Si:H/a-SiGe/nc-Si:H triple-junction structures.  We have achieved new record initial active-area 
efficiencies of 13.45% and 14.59% with the tandem and triple cell structures respectively.  
Figures 9 and 10 show the (a) J-V characteristics and (b) quantum efficiency of the best a-
Si:H/nc-Si:H double-junction and a-Si:H/a-SiGe:H/nc-Si:H triple-junction solar cells, 
respectively.  The 14.59% initial efficiency is close to the champion a-Si:H/a-SiGe:H/a-SiGe:H 
triple-junction cell [12] and the record a-Si:H/nc-Si:H double-junction cell reported by Kaneka 
Corp. [1]. 

Comparing the nc-Si:H single-junction cell to the a-Si:H/nc-Si:H double-junction and a-
Si:H/a-SiGe:H/nc-Si:H triple-junction cells, we find that the FF of the multi-junction cell is 
much better than the nc-Si:H single-junction cell, especially for a bottom cell limited current 
mismatch.  As shown in previous reports [3], the FF of a-Si:H/nc-Si:H double-junction cells 
under blue light illumination is as large as 0.83, indicating a high FF from the nc-Si:H bottom 
cell.  However, we could hardly obtain a FF over 0.7 for nc-Si:H single-junction cells.  The real 
reason for the difference in FF between the nc-Si:H single-junction cell and the a-Si:H/nc-Si:H 
double-junction cell is an interesting topic for us.  In addition to the influence of series resistance 
from the ITO, we suspect that during the ITO processing, the nc-Si:H intrinsic layer gets 
degraded in the single-junction cell.  SAXS measurements have shown that nc-Si:H has more 
microvoids than a-Si:H [13].  The ITO is evaporated in an oxygen-rich environment.  Therefore, 
oxygen may have a large chance to diffuse into the nc-Si:H layer.  In addition, the tolerance for 
impurity is lower for nc-Si:H cells than for a-Si:H cells.  An alternate possibility is that because 
the nc-Si:H cell is generating a much lower current as a bottom cell and thus experiences a 
smaller Fermi level splitting compared to when it is functioning as a single cell, the FF value is 
higher in the former case. 

 
3.2. Stability of a-Si:H/nc-Si:H double-junction and a-Si:H/a-SiGe:H/nc-Si:H triple-junction 
solar cells 

 
One a-Si:H/nc-Si:H double-junction cell and one a-Si:H/a-SiGe:H/nc-Si:H triple-junction 

solar cell with similar initial efficiencies were light soaked under 100 mW/cm2 of white light at 
50 °C for over 1000 hours.  Table V summarizes their initial and stable performance.  The cells 
both stabilized  at 11.8%.  In this case, the triple-junction cell did not show an advantage over the 
double-junction cell.  In fact, it degraded more.  The high degradation in this a-Si:H/a-
SiGe:H/nc-Si:H triple-junction cell is attributed to the middle-cell-limited current mismatching 
as shown in Table V.  We know that the a-SiGe:H middle cell degrades more than the a-Si:H top 
cell and the nc-Si:H bottom cell.  Although the thin a-Si:H top cell in the triple-junction cell 
might degrade less than the thick a-Si:H top cell in the double-junction-cell, the degradation in 
the a-SiGe:H middle cell results in a large total degradation in this triple-junction cell.  In order 
to obtain a high stable efficiency, a bottom cell limited current mismatching is desirable.  
Currently, we are light soaking the champion a-Si:H/a-SiGe/nc-Si:H triple-junction cell shown in 
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Fig. 10, in which the a-SiGe:H middle cell has much higher current than the a-Si:H top cell and 
nc-Si:H bottom cell.  We expect a high stable efficiency. 
 

Table V. Summary of stability results of an a-Si:H/nc-Si:H double-junction solar cell (L14643) 
and an a-Si:H/a-SiGe:H/nc-Si:H triple-junction solar cell (L14682).  The data in bold are the 
limiting Jsc.  

Jsc (mA/cm ) 2Run # state Eff 
(%) top middle bottom 

Voc 
(V) 

FF 

initial 13.45 12.75  12.61 1.439 0.741 
stable 11.81 12.22  12.38 1.399 0.691 

L14643 

degradation 12.2% 4.2%  1.8% 2.8% 6.7% 
initial 13.62 8.65 8.14 8.34 2.190 0.764 
stable 11.77 8.33 7.82 8.15 2.154 0.699 

L14682 

degradation 13.6% 3.7% 3.9% 2.3% 1.7% 8.5% 
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e 9. (a) J-V characteristics and (b) quantum efficiency of an a-Si:H/nc-Si:H 
e-junction solar cell with an initial active-area efficiency of 13.45%. 
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0. (a) J-V characteristics and (b) quantum efficiency of an a-Si:H/a-SiGe:H/nc-Si:H
ction solar cell made using RF glow discharge at a low rate ∼1 Å/s. 
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Section 4: High Rate Deposition of nc-Si:H Single-junction and Multi-junction 

Solar Cells Using Modified VHF Glow Discharge 
 

In previous reports, MVHF has been shown to be a powerful technique for high quality 
nc-Si:H deposition at high rates. With this technique, we have achieved initial active-area 
efficiencies of 7.1% in a nc-Si:H single junction solar cell and 12.5% in an a-Si:H/nc-Si:H 
double-junction structure.  In this fiscal year, the work continues to be focused on optimizing the 
recipe of nc-Si:H growth.  In conjunction, we started to make triple-junction cell with a structure 
of a-Si:H/a-SiGe:H/nc-Si:H in order to pursue the higher initial and stabilized efficiencies in 
multi-junction solar cells.  A new efficiency record of 7.7% has been achieved in a single 
junction cell.  Moreover, we obtained a 12.8% initial efficiency in an a-Si:H/a-SiGe:H/nc-Si:H 
triple-junction cell with a bottom cell deposition time of 60 minutes. By taking advantage of a 
lower degradation in nc-Si:H than a-Si:H and a-SiGe:H alloys, we have minimized the light 
induced degradation in triple junction structures by designing a bottom-cell-limited current 
mismatching, and obtained a stable active-area cell efficiency of 11.4%. 

 
4.1. Experimental 

 
A multi-chamber system with three RF chambers and one MVHF chamber is used to deposit 

nc-Si:H single and multi-junction solar cells. The nip structures were deposited on Ag/ZnO back 
reflector (BR) coated stainless steel (SS) substrates.  The a-Si:H and nc-Si:H intrinsic layers 
were prepared using the MVHF glow discharge with an excitation frequency of 65-75 MHz.  The 
doped and buffer layers were deposited with RF glow discharge as was the a-SiGe:H intrinsic 
layer of the middle cell in the a-Si:H/a-SiGe:H/nc-Si:H triple-junction devices. The solar cells 
were completed with indium-tin-oxide dots having an active-area of 0.25 cm2 on the top p layer.  
Current density versus voltage, J-V, characteristics were measured under an AM1.5 solar 
simulator at 25 oC.  Quantum efficiency (Q) was measured from 300 to 1000 nm.  Stabilized 
efficiencies were obtained by > 1000 hours light soaking under a 100 mW/cm2 white light at 50 
oC. 

 
4.2. MVHF high rate nc-Si:H single-junction solar cell 

 
For obtaining high efficiency multi-junction solar cells, a prerequisite is to develop a high 

quality nc-Si:H material and solar cell.  Previously, we have reported a nc-Si:H single-junction 
solar cell with an initial active-area efficiency of 7.1%, where the intrinsic layer was deposited in 
50 minutes.  The main limitations to obtaining higher efficiency are low Jsc and fill factor (FF).  
It is well known that FF critically depends on the microstructure of the material.  A material 
containing a high density of microvoids or cracks normally has a high density of defects related 
to poor grain boundary passivation and contamination due to post oxygen diffusion [3].  We have 
found that the increase of grain size and microcrystalline volume fraction with increasing 
thickness is the main obstacle for obtaining high efficiency in thick nc-Si:H solar cells as 
discussed in Section 1.  To solve this problem, we used the hydrogen dilution profiling technique 
to keep the nc-Si:H material structure close to the nanocrystalline/amorphous transition region 
throughout the entire intrinsic layer as discussed in the previous section.  So far, we have not 
used the hydrogen dilution profiling technique in MVHF deposition.  Instead, we use a relatively 
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thin nc-Si:H bottom cell.  First, a thin nc-Si:H bottom cell can be deposited in a relatively short 
time, which is desirable from the cost-effective point of view; second, a thin nc-Si:H bottom cell 
is less susceptible to the enhanced nanocrystalline evolution, and therefore has better Voc and FF 
than a thick one.  Although Jsc is low for the thin nc-Si:H cells, it does not cause significant 
efficiency reduction in multi-junction cells at the present stage, especially when a strong bottom-
cell-limited current mismatching is used.  Based on this analysis, we have made thin nc-Si:H 
single-junction cells with the intrinsic layer thickness around 0.5 to 0.7 µm.  The best nc-Si:H 
cell has an initial active-area efficiency of 7.7%.  The J-V characteristics and quantum efficiency 
are shown in Fig. 11.  

 
4.3. MVHF high rate a-Si:H/nc-Si:H double-junction and a-Si:H/a-SiGe:H/nc-Si:H triple-

junction solar cells 
 
By improving the nc-Si:H material quality and optimizing the device configuration, a 12.5% 

initial active-area efficiency has been achieved using an a-Si:H/nc-Si:H double-junction solar 
cell, which was shown in last annual report.  In order to take full advantage of the high current 
capability of nc-Si:H in a-Si:H/nc-Si:H double junction solar cells, a thick a-Si:H top cell is 
needed to meet the current mismatching requirement.  Such thick a-Si:H cells normally degrade 
more than a thin one, and thus the benefit of the nc-Si:H material is not fully realized.  An 
internal reflection layer between the a-Si:H and nc-Si:H has been used to address the problem 
[1].  In our laboratory, we use an a-Si:H/a-SiGe:H/nc-Si:H triple-junction structure, where the a-
Si:H top and a-SiGe:H middle cells are not very thick, thus no significant degradation is 
expected.  As shown in Section 2, an initial active-area efficiency of 14.6% has been achieved 
using this triple-junction structure at a low rate ∼ 1 Å/s.  During the past year, we focused on the 
optimization of the a-Si:H/a-SiGe:H/nc-SiGe:H triple-junction cell using MVHF at high rates 
and achieved an initial active-area efficiency of 12.8% and a stable active-area efficiency of 
11.4%.  Figure 12 shows the J-V characteristics and quantum efficiency curves of the initial and 
stable efficiency of this a-Si:H/a-SiGe:H/nc-Si:H triple-junction solar cell.  The deposition time 
of the bottom cell intrinsic layer in this triple-junction cell was 60 minutes.  The cell has a 
bottom cell limited current and a high FF of 0.791, indicative of a high quality nc-Si:H material.  

 
4.4. Stability of the high rate multi-junction solar cells with nc-Si:H bottom cell 

 
Next, we address the stability issue of the high rate multi-junction solar cells with a nc-Si:H 

bottom cell.  First, we present the light soaking result of the champion a-Si:H/nc-Si:H double-
junction solar cell with an initial active-area efficiency of 12.5%.  Figure 13 shows the (a) J-V 
characteristics and (b) quantum efficiency of this cell.  After over 1000 hours of light soaking, 
the efficiency degraded to 11.0%, which is the highest stable efficiency for the a-Si:H/nc-Si:H 
double-junction solar cells made at high rates. 

As known from our previous report, the light-induced degradation strongly depends on the 
current mismatching in a-Si:H/nc-Si:H double junction solar cells.  The degradation could be 5% 
for a cell with a strong bottom cell limited current mismatching to 16% for a cell with a matched 
current or a top cell limited current mismatching.  A similar experiment was done with a-Si:H/a-
SiGe:H/nc-Si:H triple-junction solar cells.  Table VI lists the initial and stabilized cell  
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Figure 11. (a) J-V characteristics and (b) quantum efficiency of a νc-Si:H single 
junction solar cell with an intrinsic layer thickness of 0.6 µm. 
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Figure 12. (a) Initial and stable J-V characteristics, and (b) quantum efficiency in an a-
Si:H/a-SiGe:H/nc-Si:H triple-junction solar cell. 
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performance for four cells with different current mismatching.  One can see the cell (#12468) 
with a strong bottom cell limited current mismatching has the lowest light induced degradation.  
Clearly, it benefits from the bottom cell limited design.  Overall, the a-Si:H/a-SiGe:H/nc-Si:H 
triple-junction cells show a degradation in the range from 8 to 15%, which is similar to the 
degradation in a-Si:H/nc-Si:H double-junction solar cells.  The highest active-area stable 
efficiency for the a-Si:H/a-SiGe:H/nc-Si:H triple-junction cell is 11.4%, which is from the cell 
with the highest initial active area efficiency of 12.8% as shown in Fig. 12.  Although the top cell 
is thinner in the triple-junction structure, the degradation in the less stable a-SiGe:H middle cell 
has affected the overall degradation. 

 
4.5. Summary 

 
We have made nc-Si:H single-junction solar cells using MVHF at high deposition rates and 

achieved an initial active-area efficiency of 7.7%.  We used the improved nc-Si:H cell as the 
bottom cell in multi-junction structures.  Initial active-area efficiencies of 12.5% and 12.8% have 
been achieved using a-Si:H/nc-Si:H double-junction and a-Si:H/a-SiGe:H/nc-Si:H triple-junction 
structure, respectively.  We conducted light soaking experiments on both the double-junction and 
triple-junction structures and found that the light induced degradation is in the range from 8 to 
15%, depending on the material quality and the cell current mismatching.  Similar to the a-
Si:H/nc-Si:H double-junction structure, a bottom-cell-limited current mismatching results in low 
light-induced degradation in the a-Si:H/a-SiGe:H/nc-Si:H triple-junction structure.  Stable 
efficiencies of 11.0% and 11.4% have been obtained using an a-Si:H/nc-Si:H double-junction 
and an a-Si:H/a-SiGe:H/nc-Si:H triple-junction structure, respectively. 

 

Table VI. Initial and stable J-V characteristics of four a-Si:H/a-SiGe:H/nc-Si:H triple-junction 
solar cells. The numbers in bold are the limiting current densities. The highest stabilized 
efficiency is 11.4%.  

Q (mA/cm ) 2Sample 
No. 

State Voc 
(V) 

FF Jsc 
(mA/cm ) 2 Top Mid. Bott. 

Eff 
(%) 

Initial 2.203 0.730 7.42 8.19 7.42 7.68 11.93 
Stable 2.122 0.669 7.18 7.93 7.18 7.69 

 
12427 10.19 

Degr. 3.68% 8.36% 3.23% 3.17% 3.23% 0% 14.6% 
Initial 2.146 0.760 7.20 7.20 8.22 7.48 11.74 
Stable 2.092 0.679 7.06 7.06 8.00 7.53 10.03 

 
12660 

Degr. 2.52% 10.66% 1.94% 1.94% 2.68% 0% 14.6% 
Initial 2.165 0.790 7.16 7.56 7.95 7.16 12.25 
Stable 2.117 0.746 7.10 7.34 7.64 7.10 11.21 

 
12468 

Degr. 2.27% 5.57% 0.84% 2.91% 3.90% 0.84% 8.5% 
Initial 2.159 0.791 7.50 7.61 8.12 7.50 12.81 
Stable 2.105 0.725 7.48 7.51 7.90 7.48 11.42 
Degr. 2.50% 8.34% 0.26% 1.31% 2.71% 0.26% 10.9% 

 

12667 
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Figure 13. (a) Initial and stable J-V characteristics, and (b) quantum efficiency in an 
a-Si:H/nc-Si:H double junction solar cell. 
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Section 5: High Rate Deposition of nc-Si:H Solar Cells Using RF Glow 
Discharge in the High Pressure Regime  

 
As reported in the literature, successful methods for high rate deposition of nc-Si:H solar 

cells are VHF glow discharge [4] and RF glow discharge under high pressures with high power 
[6][14].  As an industrial R&D group, we need to evaluate both methods and study the feasibility 
of each method for the manufacturing process.  We have made significant efforts in the 
deposition of nc-Si:H solar cell using MVHF and reasonable results have been obtained as 
presented in previous section and in the Phase I annual report.  During this year, we started the 
study of high rate nc-Si:H deposition using RF glow discharge under high pressure with high 
power. 

 
5.1. Experimental 

 
A multi-chamber RF glow discharge has been used for nc-Si:H solar cell deposition.  

Single-junction nc-Si:H n-i-p cells were deposited on Ag/ZnO back reflector coated stainless 
steel substrate.  The doped layers were deposited using the same optimized conditions as used for 
conventional a-Si:H/a-SiGe:H/a-SiGe:H triple-junction solar cells.  We have searched in 
parameter space for the intrinsic nc-Si:H layer deposition conditions, including hydrogen 
dilution, substrate temperature, RF power and pressure.  We found that higher hydrogen dilution 
is required to reach the transition from amorphous to microcrystalline under higher pressures. 
High substrate temperature helps to reduce the required hydrogen dilution, but our better solar 
cells were made at a relatively low temperature and with high hydrogen dilution. 

 
5.2. RF high rate nc-Si:H single-junction cell 

 
 As expected, the high pressure RF glow discharge suffered from uniformity problems.  
The cell performance is not uniform even on a 2" × 2" substrate.  Table VII lists the J-V 
characteristics of solar cells at different locations on the substrate.  It appears that the cells in the 
center have high Voc but low Jsc, indicating a low nanocrystalline volume fraction in the center.  
The highest efficiency for single-junction nc-Si:H is 6.7%, in which the intrinsic layer was 
deposited for 60 minutes.  Figure 14 shows the J-V characteristics and quantum efficiencies of 
cells  in the  center  and at  the  edge.  From  the quantum  efficiency  plot, one  can see  the  long  

 
 

Table VII. Initial active-area J-V characteristics of nc-Si:H single-junction cells made with
 RF under high pressure at high rate.  The nc-Si:H deposition time was 60 minutes. 
Sample # Position Eff 

(%) 
Jsc 

(mA/cm ) 2
Voc 
(V) 

FFAM1.5 FFblue FFred 

Center 6.6 21.44 0.517 0.598 0.662 0.670 7693 
Edge 6.3 22.10 0.497 0.573 0.639 0.638 

Corner 5.6 23.60 0.468 0.509 0.604 0.601 
Center 6.7 22.48 0.494 0.605 0.651 0.604 7699 
Edge 6.5 23.57 0.474 0.580 0.624 0.597 
34
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Figure 14.  J-V characteristics and quantum efficiency of nc-Si:H single-junction cells at
the center and the edge of the substrate.  The nc-Si:H layer was deposited using high
pressure RF glow discharge at ~ 3 Å/s for 60 minutes. 



wavelength response is higher for the cell on the edge than in the center.  The uniformity 
depends not only on the plasma parameters such as pressure, gas flow and RF power, but also on 
the reactor geometry such as the shape of the cathode and the gap between the cathode and the 
anode.  Based on the properties of the high pressure RF plasma, we are currently working on 
further improvement of cell performance and uniformity.  Another potential problem for the 
high-pressure deposition is powder formation, which affects the yield significantly.  By 
optimizing the hardware design and deposition parameters, we have been able to avoid powder 
formation in the chamber after many runs under high-pressure deposition conditions. 
 
5.3. RF high rate a-Si:H/nc-Si:H double-junction solar cell 
 
 We used the RF high rate nc-Si:H cell as the bottom cell in an a-Si:H/nc-Si:H double-
junction structure and achieved an initial active-area efficiency of 12.3%, where the bottom cell 
nc-Si:H layer was deposited for 2 hours.  Table VIII lists the J-V characteristics of three cells 
made with different bottom cell deposition times and Fig. 15 plots the J-V characteristics and 
quantum efficiency of the best a-Si:H/nc-Si:H double-junction cell. 
 
5.4. Summary 
 
 We have started RF glow discharge deposition of nc-Si:H solar cells under a high 
pressure depleting regime with high power to achieve a high deposition rate.  We achieved an 
initial active-area efficiency of 6.7% with a nc-Si:H single-junction cell and 12.3% with an a-
Si:H/nc-Si:H double-junction cell.  Currently we are working on the further optimization of cell 
efficiency and uniformity.  We also need to increase the deposition rate further to reduce the 
deposition time. 

Table VIII. Initial active-area J-V characteristics of a-Si:H/nc-Si:H double-junction cells 
made with RF glow discharge under high pressure at 3 Å/s.  t is the nc-Si:H deposition time. 

Jsc (mA/cm ) 2Sample # t 
(min) 

Eff 
(%) 

Top Bottom 

Voc 
(V) 

FF 

7727 60 10.0 12.38 9.60 1.439 0.722 
7742 90 11.9 11.82 11.63 1.403 0.730 
7741 120 12.3 11.89 12.69 1.410 0.731 
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 15. (upper) J-V characteristics and (bottom) quantum efficiency of an a-Si:H/nc-
uble-junction cell deposited using high pressure RF glow discharge at ~ 3 Å/s.
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Section 6: Large-area a-Si:H/nc-Si:H Double-junction Solar Cells 

 
6.1. Introduction 
 
 As presented in the previous sections, we have explored various techniques for nc-Si:H 
deposition at different rates.   We have shown an initial efficiency of 13.4% with an a-Si:H/nc-
Si:H double-junction cell and 14.6% with an a-Si:H/a-SiGe:H/nc-Si:H triple-junction cell with 
an active-area of 0.25 cm2.  In order to use the multi-junction structure with nc-Si:H in the 
bottom cell, an increase in the deposition rate and improvement of the deposition uniformity on 
large area substrates are two major issues that need to be investigated.  In this section, we will 
present our recent progress in the development of large-area a-Si:H/nc-Si:H double-junction 
solar cells and modules.  The main focus at this moment is to investigate the issues related to 
large-area deposition and module fabrication.  Therefore, the primary work is limited to the low 
deposition rate regimes.  
 
6.2. Experimental 
 

nc-Si:H films and solar cells were deposited using a large-area multi-chamber RF glow 
discharge system (2B machine) with gas mixtures of H2 and SiH4 on substrates with an area of 
35 × 33 cm2.  a-Si:H/nc-Si:H double-junction solar cells with an n-i-p structure were deposited 
on Ag/ZnO back reflector coated stainless steel substrates.  The thicknesses of the intrinsic a-
Si:H and nc-Si:H layers are about 2000-3000 Å and 1-2 µm, respectively.  Indium-Tin-Oxide 
was deposited on top of the p layer as a transparent contact.  Metal grids or wires were used to 
reduce the series resistance and improve the collection of current.  The thickness uniformity was 
measured on different locations using an optical method, and the uniformity of cell performance 
was characterized by evaluating small-area cells defined by ITO dots with an active-area of 0.25 
cm2 on the p layer of the large-area a-Si:H/nc-Si:H double-junction cells.  The current density 
versus voltage, J-V, characteristics were measured under an AM1.5 solar simulator at 25 °C.  
Quantum efficiency, QE, was measured for wavelength from 300 nm to 1000 nm.  Modules with 
aperture areas of 45 cm2 and 460 cm2 were made using our conventional module fabrication 
procedure.  The module efficiency was measured under a Spire solar simulator at 25 °C.  The 
light soaking experiment was done under 100 mW/cm2 of white light at 50 °C. 
 
6.3. Uniformity of thickness and cell performance 
 

Uniform cell performance ensures high efficiency of large-area solar cells and modules.  
The thickness uniformity depends on the cathode structure and deposition parameter.  By 
incorporating an improved cathode and optimizing the deposition conditions, we have improved 
the thickness uniformity.  The thickness non-uniformity for the nc-Si:H films is within 15% in a 
30 × 30 cm2 area and less than 10% in an area of 460 cm2.  The uniformity of cell performance 
was characterized by measuring the small-area cells (0.25 cm2) defined by ITO dots at different 
locations over the large area deposition.  Figure 15 (a) shows the distribution of the conversion 
efficiency of a sample across a 22 × 22 cm2 area.  The value at each position represents the  
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Figure 16. (a) Spatial distribution of solar cell efficiency over a large-area substrate. Each
unit on the X-axis and Y-axis is about 4 cm.  (b) The distribution of efficiency of sample
9504. 



average efficiency of the cells with an active-area of 0.25 cm2 on a 4 × 4 cm2 piece.  One can see 
that the cells with the highest efficiency are located in the center area of the substrate.  The cells 
on the edge have lower efficiencies, whereas, the cell efficiency is the lowest at the corners.  The 
performance non-uniformity is similar to the thickness non-uniformity.  Overall, the uniformity 
in the central area of 460 cm2 is acceptable for module fabrication.  Figure 16 (b) shows the 
distribution of the efficiency for all the cells with an active-area of 0.25 cm2.  The efficiency is in 
the range from 10% to 12% with a peak position at ~ 11.5%.  The highest efficiency after QE 
correction for Jsc is 12.1% as shown in Fig. 16. 
  
6.4. Large-area a-Si:H/nc-Si:H double-junction modules 
 

Several a-Si:H/nc-Si:H double-junction modules with areas of 45 and 461 cm2 were 
fabricated.  Figure 18 shows a picture of three modules.  The best aperture-area efficiency is 
11.8% for the 45 cm2 cell and 11.3% for the 461 cm2 one.  Figure 19 shows the J-V 
characteristics of the two solar cells.  The solar cells with a larger area of ~ 460 cm2 were 
encapsulated.  The results are listed in Table VIII.  After encapsulation, the efficiency decreased 
by ~ 6-7%, which is slightly more than the loss in the conventional lamination for a-Si:H/a-
SiGe:H/a-SiGe:H triple-junction cells.  The loss of the efficiency is mainly due to the reduction 
of the short-circuit current density.  The highest efficiency of the encapsulated large-area module 
is 10.6 %.  

 
 

Table IX.  J-V characteristic of the large-area modules before and after encapsulation. 

Sample 

No. 

State Area 

(cm ) 2

Voc 

(V) 

Isc 

(A) 

FF Pmax 

(W) 

Eff. 

(%) 

Unencapsulated 462 1.409 5.304 9446 0.694 5.191 11.23 

Encapsulated 460 1.400 4.860 0.703 4.782 10.40 

Unencapsulated 461 1.402 5.317 0.690 5.139 11.12 9456 

Encapsulated 456 1.395 4.914 0.693 4.750 10.42 

Unencapsulated 461 1.419 5.432 0.676 5.211 11.30 9461 

Encapsulated 458 1.408 5.008 0.688 4.849 10.59 

Unencapsulated 460 1.427 5.239 0.651 4.864 10.57 9464 

Encapsulated 458 1.420 4.756 0.658 4.445 9.71 
40
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Figure 17. (a) J-V characteristics and (b) quantum efficiency of an a-Si:H/nc-Si:H double-
junction solar cell. 
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Figure 18. a-Si:H/nc-Si:H double-junction modules on textured Ag/ZnO coated
stainless steel substrates with aperture areas of 45 cm  (top) and 461 cm  (bottom).2 2
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Figure 19. J-V characteristics of a-Si:H/nc-Si:H double-junction cells with aperture areas of (a)
45 cm  and (b) 461 cm .

2 2  



6.5. Stability of large-area a-Si:H/nc-Si:H double-junction solar cell and module 
 

It has been reported that nc-Si:H solar cells generally do not degrade after light soaking 
[4].  However, as presented in the previous sections, we find that under one sun illumination, nc-
Si:H single-junction cells degrade by about 5% to 15%, depending on the deposition conditions 
and the cell structure.  No light-induced degradation has been observed under a red light 
(wavelength>665 nm, see section 8) for the same cells even when a higher light intensity was 
used.  We believe that, in general, nc-Si:H single-junction solar cells should have some light-
induced degradation under white light illumination since there is always a certain amount of 
amorphous phase in the material.  When nc-Si:H is deposited as the bottom cell in multi-junction 
structures or illuminated with long wavelength light, the nc-Si:H does not see much light with 
energy larger than the bandgap in the amorphous phase, and very little or even no light induced 
degradation is observed. 

In the a-Si:H/nc-Si:H double-junction structure, we found that a bottom-cell limited 
current mismatch is desirable for stable efficiency [3].  Table X lists the stability results of three 
small area a-Si:H/nc-Si:H double-junction solar cells, where the stable efficiencies were obtained 
after light soaking under 100 mW/cm2 of white light for over 1000 hours.  For most a-Si:H/nc-
Si:H double-junction cells, the light-induced degradation appears during the first 100 to 200 
hours of light soaking, and then the efficiency stabilizes.  It appears that the overall degradation 
is about 10%, which is similar to our a-Si:H/nc-Si:H tandem cells on small-area substrates.  The 
encapsulated modules, as listed in Table IX, were also light-soaked.  The results are summarized 
in Table XI.  The degradation is in the range between 8 to 12%, similar to the results obtained 
from small area solar cells.  The highest stabilized module efficiency is 9.5%.  Measurement at 
NREL obtained an aperture-area efficiency of 9.2%.  
 
6.6. Summary 
 

We have made large-area deposition of a-Si:H/nc-Si:H double-junction solar cells using  
RF glow discharge at a relatively low rate ∼ 1 Å/s.  The thickness uniformity is well within ± 
10%.  The cell performance uniformity was characterized by depositing ITO dots with an active-
area of 0.25 cm2 on the p layer of one large-area a-Si:H/nc-Si:H double-junction cell.  The small-

 
Table X.  Stability of a-Si:H/nc-Si:H double-junction solar cells with an active area 0.25 cm2. 
 

Q (mA/cm ) 2Sample 
No. 

State Voc 
(V) 

Jsc 
(mA/cm ) 2 Top Bott. 

FF Eff. 
(%) 

Initial 1.406 11.16 11.89 11.16 0.765 12.00  
Stabilized 1.377 11.16 11.59 11.18 0.715 11.0 

 
9701LC1 

Degradation 2.06% 0% 3.2% 0.35% 6.7% 8.3% 
Initial 1.404 11.73 11.80 11.73 0.735 12.10 

Stabilized 1.369 11.28 11.28 11.58 0.694 10.72 
 

9504LC2 
Degradation 2.5 % 3.8% 4.4 % 1.3 % 5.6 % 11.4% 

Initial 1.389 11.28 11.90 11.28 0.764 11.97 
Stabilized 1.356 11.17 11.59 11.17 0.707 10.71 

 
9511LC1 

Degradation 2.4% 1.0% 2.6% 1.0% 7.5% 10.5% 
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Table XI.  Stability of a-Si:H/nc-Si:H double-junction modules after 1050 hours of light soaking 
under 100 mW/cm2 of white light at 50 oC. 
Sample 

No. 
Area 
(cm2) 

State Voc 
(V) 

Isc 
(A) 

FF Pmax 
(W) 

Eff. 
(%) 

Initial 1.400 4.860 0.703 4.782 10.40 
Stabilized 1.378 4.774 0.662 4.356 9.48 

 
9446 

 
460 

Degradation 1.57 % 1.77 % 5.83 % 8.91 % 8.9 % 
Initial 1.395 4.914 0.693 4.750 10.42 

Stabilized 1.373 4.817 0.648 4.283 9.40 
 

9456 
 

456 
Degradation 1.58 % 1.97 % 6.49 % 9.83 % 9.8 % 

Initial 1.408 5.008 0.688 4.849 10.59 
Stabilized 1.378 4.827 0.638 4.246 9.27 

 
9461 

 
458 

Degradation 2.13 % 3.61 % 7.27 % 12.44 % 12.4 % 
Initial 1.420 4.756 0.658 4.445 9.71 

Stabilized 1.399 4.631 0.633 4.104 8.96 9464 
 

458 
Degradation 1.48 % 2.63 % 3.82 % 7.67 % 7.7 % 

 

area cells showed an efficiency distribution in the range from 10% to 12% with a peak position 
at 11.5%.  Preliminary results of large-area a-Si:H/nc-Si:H double-junction structure cells show 
an initial aperture-area efficiency of 11.8% and 11.3% for 45 cm2 and 461 cm2 size un-
encapsulated solar cells, respectively.  The 11.3% cell became 10.6% after encapsulation and 
stabilized at 9.5% after prolonged light soaking.  Currently, we are working on increasing the 
deposition rate and reducing the nc-Si:H layer deposition time.  A preliminary result shows an 
initial active-area efficiency of 11.3% from a high rate deposited a-Si:H/nc-Si:H double-junction 
cell. 
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Section 7: Status of a-Si:H/a-SiGe:H/a-SiGe:H Triple-junction Solar Cells 

Made with 30 MW Production Constraints 
 
For a-Si:H/a-SiGe:H/a-SiGe:H triple-junction solar cells with production constraints, we 

have achieved an initial efficiency of 11.23%.  This result was achieved with (i) a cathode design 
that resembles the one on the production line; (ii) a back reflector obtained from the production 
line and (iii) a SiH4 and GeH4 mixture instead of a Si2H6 and GeH4 mixture. Table XII lists the 
individual solar cell parameters in the initial and stable (100 mW/cm2) white light illumination 
for 1070 hours) states. The overall degradation loss is seen to be 12.5% comprising losses in FF 
(6.9%), Voc (4.2%) and Jsc (1.3%). The stable active area efficiency is 9.8%. This corresponds to 
a stable total area efficiency of 9.1% and ties with the previous record made with a Si2H6 and 
GeH4 mixture. Figure 20 shows the (a) J-V characteristics and (b) quantum efficiency of this 
solar cell. 

 

Table XII. The initial and stable performance of the a-Si:H/a-SiGe:H/a-SiGe:H triple cell 
deposited under production constraints. 
 

QE (mA/cm ) 2Run 
No. 

State Voc 
(V) 

FF Jsc 
(mA/cm ) 2 Top Mid. Bot. Total 

Pmax 
(mW/cm )2

9619
S 

Initial 2.198 0.736 6.94 7.19 7.55 6.94 21.69 11.23 
Stable 2.104 0.682 6.85 7.07 7.29 6.85 21.20 9.83 
Degr. 4.23% 6.93% 1.3% 1.67% 3.44% 1.3% 2.26% 12.5% 
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Figure 20. (a) J-V characteristic and (b) quantum efficiency of an a-Si:H/a-SiGe:H/a-
SiGe:H triple-junction solar cell before and after 1000 hours of light soaking. 
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Section 8: Metastability of nc-Si:H Solar Cells  

 
8.1. Introduction 
 

The Staebler-Wronski effect has limited the development of a-Si:H solar cells.  Although 
significant amount of work has been carried out in the last twenty-five years, an effective way 
has not been developed to eliminate the light-induced degradation in a-Si:H based solar cells.  As 
an alternative material, nc-Si:H has attracted remarkable attention.  One advantage of using nc-
Si:H in thin film solar cells is its better stability under prolonged light soaking than a-Si:H and a-
SiGe:H alloys.  It has generally been reported that no light-induced degradation was observed in 
nc-Si:H solar cells.  However, the term nc-Si:H represents a wide range of materials comprised 
of various grain sizes and different microcrystalline volume fractions.  The highest efficiency nc-
Si:H solar cells are normally deposited near the transition from nanocrystalline to the amorphous 
phase, which means a large amount of amorphous phase still exists in the nc-Si:H materials.  
Therefore, it would be logical to assume light-induced degradation in nc-Si:H solar cells 
deposited in this regime.  Indeed, Finger and his colleagues found that nc-Si:H solar cells made 
with a hydrogen dilution close to the transition show light induced degradation.  The amount of 
degradation depends on the dilution ratio, hence, on the microcrystalline volume fraction and 
grain size. [15] 

In general, nc-Si:H can be considered a two-phase material with nanocrystallites 
surrounded by amorphous tissue.  The photons with energy higher than the bandgap of a-Si:H are 
largely absorbed in the amorphous phase while the lower energy photons are absorbed in the 
grains.  Since the material properties inside the grains would be similar to crystalline silicon with 
no light induced defects, one may expect no light induced defect generation in nc-Si:H when it is 
exposed to red light with photon energy lower than the optical bandgap of a-Si:H.  If this 
hypothesis is correct, there would be much less light induced degradation in the nc-Si:H bottom 
cell in an a-Si:H/nc-Si:H double-junction structure, because the high-energy photons are 
absorbed in the a-Si:H top cell. 

 
8.2. Experimental 

 
Systematically, we have studied the light induced degradation of nc-Si:H single-junction 

solar cells with various light sources.  Two sets of nc-Si:H single-junction solar cells were 
studied.  The cells in each set were from one run of deposition on the same substrate; and 
therefore, the cell performance is very similar.  One set was deposited using MVHF at a high rate 
with relatively low Voc.  The other set was deposited with RF at a low rate with relatively high 
Voc.  We believe that the RF cells have a lower microcrystalline volume fraction than the MVHF 
cells.  As a comparison, we also studied a set of a-SiGe:H bottom cells.  Light soaking was done 
at 25 °C under  open circuit condition.  An AM1.5 solar simulator was used as the light source.  
Focus lenses and filters were used to vary the light intensity and the spectrum.  The current 
density versus voltage (J-V) characteristics were measured as a function of light soaking time 
under the same light used for the light soaking.  The light soaking time was 15 hours.  The J-V 
characteristics in the initial state and degraded state after light soaking were measured under an 
AM1.5 illumination and by quantum efficiency measurement.  Due to the difference in responses 
for different wavelengths, we used the same photo-generated carrier density for different light 

 
 

48



spectra.  We have found that for solar cells with a good FF, Jsc is a reasonable measure of the 
photo-carrier density.  Thus, we adjusted the light intensities for different spectra to produce the 
same initial Jsc value.  Here, two Jsc values were chosen: one is the same as the Jsc under AM1.5 
illumination, and the other is double the value under AM1.5. 

 
8.3. Results and Discussion 

 
Figure 21 shows a comparison of the normalized maximum power, Pmax, as a function of 

light soaking time for the MVHF nc-Si:H single-junction solar cell and the a-SiGe:H single-
junction bottom cell, where the red and blue lights were obtained using a 665 nm long-pass filter 
and a 650 nm short-pass filter.  The long-pass filter only allows the photons with energy lower 
than 1.86 eV, smaller than the optical bandgap of a-Si:H, to pass through and illuminate the 
sample.  For the nc-Si:H cell, the light intensities were adjusted to produce a Jsc∼44 mA/cm2, 
approximately twice the Jsc under AM1.5 illumination, for the white, red, and blue lights.  For 
the a-SiGe:H cell, the light intensities were adjusted to produce a Jsc∼46 mA/cm2 with the same 
consideration.  The figure clearly shows that there is no detectable light-induced degradation for 
the nc-Si:H cell under the red light, some degradation under the white light, and more 
degradation under the blue light. 

Table XIII shows a comparison of the initial and degraded performance for five MVHF 
deposited nc-Si:H cells.  The first two cells were light-soaked under light intensities that 
produced the same Jsc as under AM1.5. Cell 1 and cell 2 were under the white light and the red 
light,  respectively.   Notice that  no light induced  degradation was  found  in cell 2 under the red  

Table XIII. Summary of the light soaking results for the nc-Si:H single junction solar cells 
made with MVHF at a high rate.  The red light was obtained by a focused white light with a 665 
nm long-pass filter, and the blue light with a 650 nm short-pass filter. 

Cell 
No. 

State Jsc  
(mA/cm ) 2

Voc 
(V) 

FF Pmax 
(mW/cm )2

Light source 
 

Initial 22.02 0.475 0.624 6.53 
Light soaked 21.82 0.474 0.608 6.29 

 
1 

White (AM1.5) 
Jsc∼22 mA/cm  2

Degradation 0.91 % 0 % 2.56 % 3.68 % 
Initial 21.86 0.481 0.623 6.55 

Light soaked 21.86 0.480 0.623 6.55 
 

2 
Degradation 0 % 0 % 0 % 0 % 

Red light with 
Jsc∼22 mA/cm  2

Initial 22.20 0.474 0.621 6.53 
Light soaked 22.00 0.467 0.598 6.14 

 
3 

Degradation 0.9 % 1.48 % 3.70 % 5.97 % 

White light with 
Jsc∼44 mA/cm  2

Initial 22.19 0.472 0.620 6.49 
Light soaked 22.11 0.473 0.619 6.47 

 
4 

Red light with 
Jsc∼44 mA/cm  2

Degradation 0.36 % 0 % 0 % 0.31 % 
Initial 21.98 0.476 0.621 6.50 

Light soaked 21.78 0.469 0.591 6.04 
 

5 
Degradation 0.91 % 1.47 % 4.83 % 7.08 % 

Blue light with 
Jsc∼44 mA/cm  2
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Figure 21. Light soaking kinetics of normalized efficiency of a nc-Si:H single-junction solar
cell and an a-SiGe:H single-junction solar cell.  



light, but it was 3.7% under the white light.  To enhance the light soaking effect, we increased 
the light intensities to produce 44 mA/cm2, which is twice the Jsc under AM1.5 illumination.  
There is still no detectable degradation under the red light within the experimental errors. 

As discussed above, the undetectable light induced degradation under the red light is due 
to very little absorption in the amorphous phase, while the absorption in the microcrystalline 
phase does not produce defects.  Two mechanisms could explain the difference between the 
white and blue light soaking.  First, the blue light has a large portion absorbed in the amorphous 
phase, which produces more defects.  For the white light, the portion of red light is mainly 
absorbed in the microcrystalline phase and does not produce degradation.  Second, more blue 
light is absorbed nearer the i/p interface than in the bulk.  Guha et al. showed that the i/p junction 
is the dominant junction and any changes in the dominant junction can cause noticeable changes 
in the cell performance [16]. 

Table XIV lists the J-V characteristics at the initial and degraded states for three RF 
deposited solar cells.  The general trend is the same as the MVHF deposited cells, i.e., the red 
light produces low degradation, the white light some degradation, and the blue light more 
degradation.  However, unlike the MVHF cell, this cell still has 2.2% degradation under the red 
light.  We believe that the difference could be caused by the different material structure.  For the 
RF deposited cells, the Voc is larger than the MVHF deposited ones.  It could indicate that there 
is more amorphous component in the RF cells than in the MVHF cells, which may partially play 
a role in the light-induced degradation.  Although the cut-on filter with a wavelength longer than 
665 nm blocks most of the high energy photons, there are still some photons absorbed by the 
amorphous tissue, which degrades the cell performance.  

Table XV summarizes the results of the a-SiGe:H bottom cells.  For the a-SiGe:H cell, 
the material is homogeneous, and only one optical bandgap is defined with a value around 1.4 
eV.  The differences among the light soaked samples under the lights with the three spectra are 
mainly due to the second mechanism (dominant junction effect) discussed above. Overall, the 
light-induced degradation in the nc-Si:H cell is much less than that in the a-SiGe:H cell even 
 
Table XIV. Summary of the light soaking results for the nc-Si:H single junction solar cells 
made with RF at a low rate.  These cells have a high Voc and probably a high amorphous 
component in the intrinsic layer. The red light was a focused white light with a 665 nm long-
pass filter and the blue light with a 650 nm short-pass filter. 

Cell 
No. 

State Q  
(mA/cm ) 2

Voc 
(V) 

FF Pmax 
(mW/cm )2

Light source 
 

Initial 24.43 0.525 0.596 7.64 
Light soaked 23.86 0.521 0.578 7.51 
Degradation  1.80 % 0.76 % 3.02 % 5.89 % 

White light with 
Jsc∼48 mA/cm  2

Initial 24.42 0.526 0.598 7.68 
Light soaked 24.22 0.523 0.593 7.51 

 
2 

Degradation 0.82 % 0.57 % 0.84 % 2.20 % 

Red light with 
Jsc∼48 mA/cm  2

Initial 24.28 0.525 0.605 7.71 
Light soaked 23.80 0.521 0.580 7.19 

Blue light with 
Jsc∼48 mA/cm  2

 
3 

 
1 
Degradation 1.98 % 4.83 % 5.77 % 7.23 % 
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under white and blue light sources.  We need to point out that the light-soaked state is not a 
stabilized state since only a 15-hour light soaking was performed. 

The above experiment confirms no or very little light-induced degradation for nc-Si:H 
solar cells under red light with photon energy lower than the bandgap of a-Si:H.  In an a-Si:H/nc-
Si:H double-junction solar cell, most blue light is absorbed by the a-Si:H top cell, and the nc-
Si:H bottom cell only absorbs red light with low photon energy.  Therefore, there is very little 
light-induced degradation in the nc-Si:H bottom cell in multi-junction structures, and a bottom 
cell limited current mismatching is desirable for stable efficiency as shown above and in the 
previous reports. 
 
8.4. Summary 
 

We have systematically studied the light-induced degradation in nc-Si:H single-junction 
solar cells under various light soaking conditions.  We found no detectable degradation under red 
light with photon energies less than the bandgap of a-Si:H.  We believe that the low energy 
photons are only absorbed in the microcrystalline phase, where no light induced defect 
generation occurs.  Under white and blue lights, the defect generation in the amorphous phase 
causes certain degradation.  The fact that a larger degradation is observed under blue light than 
white light is due to more absorption in the amorphous phase and more absorption near the i/p 
interface under blue light than under white light.  These results provide an explanation that a 
bottom cell limited-current mismatch in multi-junction structures with nc-Si:H as the bottom cell 
leads to a high stable efficiency. 

 
Table XV. Summary of the light soaking results for the a-SiGe:H bottom single-junction solar
cells.  The red light was a focused white light with a 665 nm long-pass filter, and the blue light 
with a 650 nm short-pass filter. 

Cell 
No. 

State Jsc  
(mA/cm ) 2

Voc 
(V) 

FF Pmax 
(mW/cm ) 2

Light source 
 

Initial 23.40 0.624 0.575 8.40 
Light soaked 22.94 0.608 0.563 7.85 

 
1 

Degradation 1.97% 2.56% 2.09% 6.55% 

White light with 
Jsc∼23 mA/cm

(AM 1.5) 
2 

Initial 23.10 0.628 0.601 8.72 
Light soaked 22.88 0.601 0.567 7.80 

 
2 

Degradation  0.95 % 4.30 % 5.66 % 10.55 % 

White light with 
Jsc∼46 mA/cm  2

Initial 23.91 0.614 0.587 8.62 
Light soaked 23.48 0.601 0.563 7.94 

 
3 

Degradation 1.80 % 2.12 % 4.09 % 7.89 % 

Red light with 
Jsc∼46 mA/cm  2

Initial 23.50 0.621 0.572 8.35 
Light soaked 22.91 0.591 0.539 7.30 

 
4 

Blue light with 
Jsc∼46 mA/cm  2
Degradation 2.51 % 4.83 % 5.77 % 12.57 % 
 

 
 

52



 
Section 9: Future Work 

 
We have made significant progress during the Phase II of this program.  We will continue 

our efforts in the Third Phase to accomplish the milestones.  The main focuses for phase III are 
summarized below. 

 
9.1. High efficiency multi-junction solar cells 
 
 To achieve an even higher efficiency, we need to increase the total photocurrent density.  
Currently, we have achieved a total photocurrent density around 26-27 mA/cm2.  This value is 
significantly higher than the record set in Phase I, but it is still not as high as reported in the 
literature [1][2].  If we obtain a total photocurrent density of over 30 mA/cm2, we shall achieve 
an initial active-area efficiency larger than 16% (Jsc=9.6 mA/cm2, Voc=2.2 V, FF=0.76) and 
consequently improve the stable efficiency.  To achieve this goal, we continue to optimize the 
nc-Si:H bottom cell by optimizing the deposition conditions and cell design.  At the same time, 
we will optimize the back reflector. 
 
9.2. High rate deposition of multi-junction solar cells 

 
For high rate deposition, we will continue to work on the MVHF deposition.  Two major 

issues need to be addressed.  First, we shall increase the deposition rate further to limit the nc-
Si:H intrinsic layer deposition time less than 30 minutes.  Second, we shall improve the cell 
performance further.  In Phase II, 11.0% and an 11.4% stable active-area efficiencies have been 
achieved using an a-Si:H/nc-Si:H double-junction and an a-Si:H/a-SiGe:H/nc-Si:H triple-
junction structure.  These results were obtained by using a flat hydrogen dilution profile.  As 
shown in Section 2, hydrogen dilution profiling is a very effective method to improve nc-Si:H 
solar cell performance; and we shall use the same method in the high rate deposition. 

RF glow discharge under a high pressure depleting regime show very promising results in 
nc-Si:H solar cell deposition.  We shall continue to optimize the deposition condition to improve 
cell performance and uniformity.  In the interim, we shall increase the deposition rate and reduce 
the deposition time.  We are targeting for a deposition time of 30 minutes.  

We shall compare the advantages and disadvantages between MVHF and the high 
pressure RF deposition of nc-Si:H solar cells. 

 
9.3. Explore new deposition regime for a-SiGe:H alloy  
 
 The big breakthrough for a-Si:H and a-SiGe:H alloys in solar cell applications is high 
hydrogen dilution, which improves not only the efficiency but also the stability under light 
soaking.  Most of the deposition parameters in the current deposition regime have been tested.  
Although the a-SiGe:H quality has been improved through the constant studies in the program, 
the narrow bandgap a-SiGe:H bottom cell is still the bottleneck for high efficiency multi-junction 
solar cells.  In order to obtain even higher efficiency, we need to explore some new deposition 
conditions such as a high pressure RF glow discharge.  For this purpose, systematic studies on 
the plasma physics and chemistry would be helpful.  
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9.4. Optimization of a-Si:H/a-SiGe:H/a-SiGe:H triple-junction cells and modules 
 
 Our 2B machine has been upgraded.  As a result, the uniformity has been improved 
significantly.  In Phase II, we have worked on the optimization of component cells and triple-
junction cells using SiH4 as a substitute for Si2H6 in the a-SiGe:H alloy.  We achieved similar 
results to the record achieved by using Si2H6.  In Phase III, we shall work on the large-area a-
Si:H/a-SiGe:H/a-SiGe:H triple-junction modules to accomplish the proposed milestones.  
Meanwhile, we will modify the geometry of the reactor based on the new understanding to 
minimize the light-induced degradation and achieve higher efficiency.  
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